Highlight: Characteristic of crested wheatgrass that favors establishment on harsh rangeland sites is the ability to germinate under conditions of low temperature and of intermittent drought. Subsequent germination was hastened as a result of exposure of seeds to favorable moisture and a temperature of 2 C. Subsequent germination was also hastened as a result of exposure of seeds to water potentials as low as -40 bars. During severe drought, seeds retained much of the advantage they had gained during periods of favorable moisture. After drought, seeds made rapid gains when moisture again became favorable.
ditions (McGinnies, 1960) . Metabolic processes start and stop when crested wheatgrass seeds are exposed to periods of precipitation and drought in the field (Wilson et al., 1970) . Hastened emergence, due to seed pretreatment, is not lost when crested wheatgrass seeds are dried (Keller et al., 1970) .
In the present study, critical physiological traits of crested wheatgrass were identified by studying the relationship between germination processes and environmental variables.
Materials and Methods Seeds of Nordan crested wheatgrass
(Agropyron desertorum [Fisch. ex Link] Schult.) were produced at Pullman, Wash. in 1969, and were 1 to 2 years old when used in this study. They were treated with 20 mg of thiram (tetramethylthiuram disulfide) per gram dry weight to prevent microbiological contamination.
In laboratory study of the effects of moisture stress, seeds were allowed to absorb water vapor from air at constant water potentials of -20, -40, and -60 bars, as previously reported (Wilson, 197 1) .
Paired samples of 100 seeds were enclosed in flat screen bags for planting in a silt loam soil at Pullman, Wash. A wooden frame surrounding the field plot was used for accurately covering seeds with 2.5 cm of soil.
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At desired intervals both paired samples of seed were removed from the soil. One sample was promptly placed on moist blotter paper in petri dishes and germinated at 5 C. The other was stored in dry ice for later measurements of a-amylase activity.
Hastening of germination, a measurement for evaluating responses of seeds to environment, was defined as the number of days field or laboratory samples reached 50% germination ahead of air-dry control samples (Wilson, 1972) . &amylase activity, a second test for evaluating seed responses to environment, was determined by the iodine method (Chrispeels and Varner, 1967; Wilson, 1971) .
Soil temperatures at a depth of 2.5 cm were recorded with a thermograph. The average temperature for each 2-hour period was read from the thermograph chart, and degree-hours was calculated by multiplying temperatures above 0 C times the number of hours. The sum of these values was divided by 24 to give degree-days.
Soil samples were taken within 0.5 cm below seed samples, and soil water potentials were measured in the laboratory with a thermocouple psychrometer (Campbell and Wilson, in press).
Results

Response to Temperature
At constant temperatures in the laboratory, hastening of germination at 2, 5, or 23 C increased with time of incubation (Fig. 1) . Over this range of temperatures, the rate of gain was proportional to temperature.
In an October field experiment (Fig.  2) , soil water potential remained greater than -2 bars and average daily minimum and maximum soil temperatures were 4 and 16 C, respectively. Seeds had made significant gains on each of the sampling dates and began to germinate in the field on the seventh day of the experiment. In a March-April experiment, when soil moisture was again favorable and when average daily minimum and maximum soil temperatures were 1 .O and 11 C, respectively, seeds made slower gains than in the fall (Fig. 3) . They began to germinate in the field on the 12th day of the experiment.
In these laboratory and field experiments in which moisture stress did not inhibit germination, hastening of germination was proportional to degree-days to which seeds had been exposed (Fig. 4) . This relationship continued during the interval from planting to germination and over the temperature range of 0 to 23 C. However, this relationship would not be expected to continue at higher temperatures or during periods of soil moisture stress. Seeds in field and laboratory experiments responded similarly to temperature.
The log of cx-amylase activity served as an accurate indicator of seed responses to temperature (Fig. 5) . In the March-April experiment, no cu-amylase was synthesized during the first 3 days of gain. Thereafter, there was a linear relationship between the log of a-amylase activity and the number of days gained. A similar relationship was found in the October experiment and in the laboratory experiment at 2,5, and 23 C. Thus, whether the gain occurred during 2 days at 23 C or during 23 days at 2 C, the relationship between days gained and ar-amylase activity was essentially the same.
Soil temperatures that remained at or below freezing for 1 month during a winter field experiment apparently did not injure seeds. The lowest soil temperature was -3 C. Limited hastening of germination measurements suggested that seeds made slow gains at 0 C. Seeds gained 10.4 days during brief periods of favorable temperatures in January. By February 3, 60% of the seeds had germinated in the field.
Response to Moisture Stress
Seeds were allowed to absorb water vapor from air at 23 C and at water potentials of -20, -40, and -60 bars. During 12 days of incubation at -20 bars, seeds gained an average of 10.9 days (Fig.  6 ). The rate of gain at -20 bars was one-third of that at 0 bars. After 20 days, at -20 bars, 3% of the seeds had roots and 1% had shoots. Seeds gained 3.0 days at -40 bars and 1.4 days at -60 bars. aamylase activity per day of gain was higher in seeds incubated at -20 bars than in seeds at 0 bars (Wilson, 1971) . Nevertheless, cu-amylase activity was a reasonably good indicator of seed responses to environment over the range of 0 to -20 bars.
During a May-June field experiment, average daily minimum and maximum soil temperatures were 9 and 31 C, respectively. Soil water potential was -3.6 bars when seeds were planted on May 15 (Fig. 7) . By May 17, soil at a depth of 2.5 cm had dried to -150 bars. Hastening of germination increased to 3 days during this brief period of favorable moisture, and did not decline during the period of May 17 to June 9, even though seeds were exposed to temperatures as high as 43 C and water potentials as low as -600 bars. Rainfall of 0.4 cm on May 29 increased soil water potential at the 2.5cm depth to -57 bars, but did not results in further hastening of germination. Soil water potential increased to -0.9 bars on June 8 as a result of 1.2 cm of rainfall, and then decreased to -3.1 bars by June 12. Seeds made rapid gains in hastening of germination during this period of favorable moisture. By June 12, 14% of the seeds had germinated in the field.
During a July field experiment, average daily minimum and maximum soil temperatures were 16 and 33 C, respectively. Soil water potential was -0.6 bars when seeds were planted on July 1 (Fig. 8) . By July 3, soil at a depth of 2.5 cm had dried to -3.6 bars and hastening of germination had increased to 6.4 days. By July 4, seeds had lost about 3 days of this gain as a result of the drying of soil to -56 bars. Germination of seeds was not further delayed by the drying of soil to -420 bars. The plots were sprinkler irrigated with western United States, crested wheatgrass 1 .l f 0.1 cm of water on July 7 (Fig. 8) .
may be seeded as early in the fall, winter, Hastening of germination increased to 7.7 or spring as competing species can be days during a brief period of favorable controlled and the soil worked. This moisture. Germination of seeds was destudy indicates that when the soil thaws, layed 2.2 days by July 10 as a result of seeds begin making significant gains in drying of soil to -160 bars. Rainfall of 1.7 hastening of germination. Waiting to cm on July 13 increased soil water plant until the soil warms in late spring potential to -0.5 bars and resulted in may leave too little time for seedling rapid gains in hastening of germination.
growth. Additional research is needed for By July 14, 6% of the seeds had germinated in the field.
In the July experiment, the log of eamylase activity indicated in a general way how seeds were responding to environment.
However, the data suggested that drought delayed germination by 2 to 3 days without resulting in any loss of eamylase activity.
Discussion
In areas where most of the precipitation falls during low-temperature months, the ability of seeds to germinate at low temperatures may determine whether or not they can be successfully seeded (Ellern and Tadmor, 1966) . Hastening of germination at low temperatures appears to be one of the physiological traits that enables crested wheatgrass seeds to germinate on difficult sites. Another trait is the absence of injury to seeds when they are left in frozen soils for periods as long as 1 month. An understanding of these traits may be useful in field practice. In areas where winter temperatures are not severe, such as low-elevation rangelands in north- areas that are exposed to very low temperatures during the winter months (Laude, 1956; White and Horner, 1943) . Drought tolerance appears to be another adaptation of crested wheatgrass seeds that enables them to germinate under harsh conditions. This study indicates that during the interval from planting to germination, several weeks at low water potentials does not seriously injure seeds. During exposure to drought, seeds retain much of the advantage they had previously gained. When moisture becomes favorable, metabolic processes continue and seeds make rapid gains in hastening of germination.
In this study, seeds were exposed to drought once or twice. Repeated drying may injure crested wheatgrass seeds (Maynard and Gates, 1963) .
A period of favorable moisture, even though soil temperatures may be near 0 C, appears to be the best time for seeding when there is a choice between it and a period of intermittent drought. However, crested wheatgrass seeds appear to be well adapted for areas where there is no alternative except to plant during periods when seeds will sometimes be exposed to drought. 
